Circular dichroism (CD) is an excellent spectroscopic technique for following the unfolding and folding of proteins as a function of temperature. One of its principal applications is to determine the effects of mutations and ligands on protein and polypeptide stability. If the change in CD as a function of temperature is reversible, analysis of the data may be used to determined the van't Hoff enthalpy and entropy of unfolding, the midpoint of the unfolding transition and the free energy of unfolding. Binding constants of protein-protein and protein-ligand interactions may also be estimated from the unfolding curves. Analysis of CD spectra obtained as a function of temperature is also useful to determine whether a protein has unfolding intermediates. Measurement of the spectra of five folded proteins and their unfolding curves at a single wavelength requires B8 h.
INTRODUCTION
There are numerous reviews on the theory and use of CD [1] [2] [3] [4] [5] [6] [7] as well as a website with animated graphics http://www.enzim.hu/~szia/ cddemo/, which illustrates the production of circularly polarized light, the CD of optically active molecules, and how passing planepolarized light through an asymmetric molecule results in the production of elliptically polarized light. An introduction to CD and a description of how to estimate the secondary structure of a protein from its CD spectrum are in the first protocol in this series 8 . Briefly, CD is the difference between the absorption of left-handed (e R ) and right-handed (e L ) circularly polarized light. CD is reported either in units of De, the difference in absorbance of e R and e L by an asymmetric molecule, or in degrees ellipticity, which is defined as the angle whose tangent is the ratio of the minor to the major axis of the ellipse [y], the molar ellipticity in deg cm 2 dmol -1 ¼ 3,298DE. For illustrations of the phenomena of CD see Beychok 2 .
When proteins are folded they often have highly asymmetric secondary structural elements, such as a-helices and b-pleated sheets (b-helices), which have characteristic CD spectra (Fig. 1) . The spectra of some highly helical model proteins are shown in Figure 2 . When proteins unfold they lose these highly ordered structures, and the CD bands change. Some proteins tend to unfold completely and their unfolded spectrum resembles that of a mixture of short polypeptides (e.g., see the spectrum of unfolded collagen, Fig. 1 ). Other proteins and polypeptides only partially unfold and may have considerable residual a-helical content in a 'moltenglobule state' [9] [10] [11] [12] [13] . The changes in CD as a function of temperature, at characteristic wavelengths, can be used to determine the thermodynamics of unfolding (or more precisely change of state), that is, the van't Hoff enthalpy (DH) and entropy (DS) of unfolding, the midpoint of the unfolding transition (T M ) and the free energy (DG) of on folding. If the apparent T M of unfolding is changed as a function of protein concentration or perturbed by changes in salt or pH, the heat capacity change of unfolding (DCp) can also be estimated from CD data. In addition, analysis of CD spectra obtained as a function of temperature may also be useful in determining whether a protein has unfolding or folding intermediates.
The thermodynamics of protein unfolding can be investigated by either monitoring the ellipticity at a single wavelength or collecting complete spectra as a function of temperature. Two additional protocols on the use of CD to study protein folding cover the determination of the free energy of folding and binding constants from CD data collected as a function of denaturants, osmolytes or ligands 14 and determination of the kinetics of folding from CD data collected as a function of time 15 . Figure 1 | CD spectra of polypeptides and proteins with some representative secondary structures. CD spectra of poly-L-lysine in the (1) a-helical (black) and (2) antiparallel b-sheet (red) conformations at pH 11.1, and (3) extended conformation at pH 5.7 (green) 44 , and placental collagen in its (4) native triple-helical (blue) and (5) denatured (cyan) forms 45 . Note that the extended conformation of poly-L-lysine was original described as a ''random coil'', but its spectrum is similar to the conformation of poly-L-proline II 46 
where R is the gas constant (1.98 cal mol -1 ) and T is the absolute temperature (Kelvin).
The fraction folded at any temperature is a. a ¼ ½F=ð½F+½UÞ ð3Þ
where y t is the observed ellipticity at any temperature, y F is the ellipticity of the fully folded form and y U is the ellipticity of the unfolded form.
To fit the change of CD at a single wavelength as a function of temperature, T (Kelvin), one uses the Gibbs-Helmholtz equation that describes the folding as a function of temperature. If one is following the unfolding of a monomer, the following equations (7-10) are fitted:
T M is the temperature at which a ¼ 0.5, and DCp is the change in heat capacity going from the folded to the unfolded state. DCp is usually set at 0 for the initial calculations of the thermodynamics of folding of a monomeric protein.
Initial values of DH, T M , [y] F and [y] U are estimated and used as initial parameters for nonlinear least squares fitting routines. The values giving the best fit to the raw data are found using the fitting procedures found in the commercial curve fitting programs described in MATERIALS. One can fit the unfolding of homoand heterodimers and trimers using similar equations 16, 17 . If a protein exhibits multiple unfolding transitions, CD data can be fitted by the sum of multiple transitions.
Occasionally there are regions in the curves of ellipticity as a function of temperature, preceding or following the unfolding transitions, where the ellipticity shows a change that is almost linear as a function of temperature. One can add linear 18 or parabolic 19 corrections to the equations to subtract these contributions. The entropy of unfolding, DS, at the temperature at which K ¼ 1, can be calculated using the relationship: DG ¼ DH -TDS. Equations for fitting unfolding/folding curves in SigmaPlot format are available at http://www2.umdnj.edu/cdrwjweb and in Supplementary Equations.
DCp is difficult to estimate from CD measurements for a monomer, because there is insufficient information in a single unfolding curve, obtained under one set of conditions, to estimate this parameter 19 . For multimers DCp can be determined from global analysis of unfolding as a function of both concentration and temperature [20] [21] [22] [23] [24] . If the apparent T M of unfolding (a ¼ 0.5) of a monomer changes as a function of pH or other perturbant, the DCp of unfolding can be evaluated from the slope of the plot of the enthalpy at the apparent T M , obtained under each condition, as a function of the T M (Kelvin). This value can then be used as fixed parameter for determining the enthalpy and T M of unfolding using equations 5-8.
Direct fitting of unfolding curves is easy for monomers, dimers and trimers (Fig. 3a) , but it is difficult for higher order multimers. An alternative method is to determine the midpoints of the unfolding curves by taking derivatives of the spectra (Fig. 3b) and to determine the enthalpy of unfolding using the van't Hoff equation (Fig. 3c) . At two different temperatures, T 1 and T 2 :
where K 2 and K 1 are the folding constants at T 2 and T 1 , respectively. To determine the enthalpy of unfolding from van't Hoff analysis, the natural logarithm (ln) of the folding constant K is plotted as a function of 1/T, where T is the absolute temperature (Kelvin). The data are truncated to the region around the region giving a linear curve with the highest slope. The enthalpy of unfolding equals the slope of the line times the gas constant, R, which is equal to 1.98 cal mol -1 .
Characterizing the unfolding of a protein by examining spectra as a function of temperature. The information about the unfolding pathway is greatly increased by collecting full spectra as a function of temperature. The set of spectra can then be deconvoluted using either the convex constraint algorithm (CCA) [25] [26] [27] or singular value decomposition (SVD) [28] [29] [30] [31] to obtain information about the number of folded states contributing to the set of spectra. The change in the fraction of each basis spectrum determined using CTD is a peptide containing residues 251-284 of rat striated tropomyosin with GCG at the N terminus. The peptides are cross-linked by a disulfide bond 40 . NTD is a model protein of the N-terminal domain of tropomyosin containing residues 1-14 of rat striated a-tropomyosin and the last 18 residues of the yeast transcription factor, GCN4. The peptide is N-acetylated 39, 43 . TNT 70-170 I79N is residues 70-170 of human cardiac troponin with the mutation I79N and glycine at the N terminus 43 . The protein concentrations were all 17.5 mM in 10 mM potassium phosphate, pH 6.5. Data were collected in cells with 1-mm path lengths.
the CCA, contributing to the total CD as a function of temperature, may also be used to estimate the thermodynamics of unfolding.
Comparison with related methods. When the unfolding of a protein is reversible and two-state and there is only a single unfolding transition, the thermodynamic parameters evaluated by CD are almost identical to those that can be estimated using scanning calorimetry 32, 33 . When there are multiple unfolding transitions, CD and scanning calorimetry will usually give the same total enthalpy of unfolding, but the value of the enthalpy of the individual transitions may vary because of the difficulty of separating overlapping transitions. For an example of the unfolding of tropomyosin and tropomyosin mutants, which have closely spaced multiple reversible unfolding transitions, see the work of Singh and Hitchcock-DeGregori 34 . CD and other spectroscopic measurements, such as measuring changes in absorption and fluorescence, will give similar results if the unfolding of the protein or polypeptide represents a two-state transition between totally folded and unfolded forms. Different methods may give varying results if there are multiple transitions. For example, if a region with aromatic chromophores loses its tertiary structure packing before the molecule loses all of its secondary structure, examining the unfolding by looking at the CD of the aromatic region, or the fluorescence or aromatic groups, will give thermodynamic parameters different from those obtained by examining the CD of backbone a-helices by following the unfolding at 222 nm 20, 35 . For the most accurate determination of protein unfolding thermodynamics and pathways, it is always preferable to use multiple methods.
Applications. Measuring CD as a function of temperature can be used to determine: the effects of mutations on protein stability, as well as the binding constants of interacting proteins and proteinligand complexes.
CD can be used to determine whether the T M or slope of a transition changes when mutations are present. If the unfolding is reversible, true thermodynamic parameters can be obtained. Even if the unfolding is irreversible, because the protein aggregates at high temperature, the method can still give information about relative stability, especially if the same apparent unfolding parameters are obtained at different rates of heating, showing that kinetics of aggregation are not perturbing the results.
If two proteins bind to each other only when they are folded, and the protein complex unfolds cooperatively and reversibly, one can use the change in stability upon binding to measure the binding constant. 1. The constant of folding of protein X is:
2. The constant of folding of protein Y is:
3. The constant of folding of the dimer is:
4. The association constant:
5. Making the substitutions
To determine the association constant:
1. Determine the DH and DS of folding of the individual monomers X and Y and the stability of the dimer XY by following their ellipticity as a function of temperature or denaturant.
2. Calculate the free energy of folding at any temperature using:
3. Determine the folding constant from the relationship:
4. Divide the K F of folding of the dimer by the K F values of folding of the two monomers to obtain the binding constant for the dimer formation.
If a ligand binds to a protein only when it is folded, the increase in stability of the complex as compared with the free protein can be used to estimate the binding constant. If the changes in enthalpy of folding upon binding are small, the binding constant can be evaluated using the equation:
where DT M is the change in the midpoint of the thermal denaturation curve, T and T 0 are the T M values in the present and absence of ligand, DH is the enthalpy of unfolding of the protein in the presence of the ligand, K is the equilibrium for the binding of the ligand to the folded protein, [L] is the free concentration of ligand and R is the gas constant 18, 36, 37 .
Experimental design. It is difficult to give a single protocol for collecting data as a function of temperature, because the various CD instruments use different methods of controlling temperature. In some instruments temperature change is steady as a function of time (this is called a temperature ramp). With other instruments one sets the desired temperature increment and equilibration time at each point. Some manufacturers have sample compartments where measurements can be made on multiple samples at each temperature. The machines also all have different methods of programming the collection of data. Some allow one to make macros to collect spectra as a function of temperatures. Consult the manufacturer for details of individual instruments. The steps described in the procedure for collecting data at a single wavelength, and for collecting spectra as a function of wavelength have been used for data collection on Aviv Model 62D, Aviv Model 202 and Aviv Model 215 instruments equipped with a temperatureregulated five-compartment cell holder.
Preliminary experiments. Many proteins equilibrate slowly. For accurate measurements of thermodynamic parameters, it is important to set the equilibration time long enough to allow full equilibration. Preliminary experiments should be performed to determine how much time is required for a protein to fold and unfold at selected temperatures and to insure that the protein will be fully unfolded at the highest temperature studied. It is suggested to take preliminary spectra at 5, 10, 25, 37, 50 and 70 deg and then take spectra at 50, 37, 25 and 10 deg to determine whether the protein refolds 8 . CD and all other spectroscopic techniques can only be used to obtain true thermodynamic properties if the unfolding and To retard evaporation, melts can be done in cuvettes with Teflon stoppers. Alternatively, a drop of mineral oil may be carefully placed on top of the protein solutions to prevent evaporation. EQUIPMENT Sources of CD instruments and cuvettes have been described elsewhere 8 .
EQUIPMENT SETUP
Procedures for starting CD instruments have been detailed elsewhere 8 . Make sure that the instrument is flushed with nitrogen before firing the lamp and that circulating water baths (if needed for cooling the lamp or acting as a heat trap for the temperature controllers) are activated before the CD software is started. Software A commercial graphic program that allows user-defined nonlinear least squares curve fitting. Most of the commonly available commercial programs use the Levenberg-Marquardt algorithm 38 for fitting curves to nonlinear equations. Graphic packages include: GraphPad, http://www.graphpad. com/; Psi-Plot, http://www.polysoftware.com/aboutpsi.htm; Origin, http:// www.originlab.com; and SigmaPlot, http://www.systat.com. Some of these programs (e.g., SigmaPlot) allow global fits to multiple parameters.
Noncommercial software is available to analyze the spectra of proteins obtained as a function of temperature using the CCA http://www2.chem.elte. hu/protein/programs/cca/ or http://www2.umdnj.edu/cdrwjweb/. Commercial software that can deconvolute CD spectra using SVD is also available from some CD manufacturers (e.g., Olis and Applied Photophysics) and is available as a stand-alone application from Olis (http://www.olisweb.com/software/ svd.php).
PROCEDURE
Data collection at a single wavelength in one direction TIMING 7-8 h for collecting initial baselines and spectra and performing an unfolding study in one direction, 12-14 h for unfolding and refolding. 1| Set the desired temperature to start the measurements (0). In this and the following steps, suggested values are in parentheses.
2| Take initial spectra of the protein samples to determine the wavelengths that have maximal ellipticity. For example, proteins with high helical content have peaks at 222, 208 and 193 nm. Unfolding studies are usually performed at the 222-nm peak, because data at higher wavelengths usually have lower absorption and higher signal-to-noise ratio. ? TROUBLESHOOTING 3| Set the desired wavelength (e.g., 222 nm for proteins with a high content of a-helices, 218 nm for proteins with a high content of b-structure, or 225 or 200 nm for collagen-like peptides). ? TROUBLESHOOTING 4| Set the sample changer or rotor for the desired number of samples (5).
5| Set the desired temperature range (0 1C to 70 1C). To take spectra of the unfolded proteins after the melt, set the temperature to remain at the final temperature after the experiment is completed. If an unknown protein is under study and the protein is not fully unfolded by 70 1C, one can collect a second set of data between 70 1C and 90 1C and combine the data sets. To check whether unfolding is reversible, set the machine to collect the reverse scan from 70 deg to 0 deg using a negative increment at the completion of the run. m CRITICAL STEP Do not set the upper temperature 490 1C, because prolonged use at high temperature may damage the temperature controller.
6| Set the desired temperature interval (0.2 1C).
7| Set the equilibration time at each point (0.2 min).
8| Set the temperature tolerance (0.15 1C).
9| Set the number of seconds to collect data at each point (5 s) and the time constant for machine response (100 ms).
10| Set the rate of heating (5 deg min À1 ).
11| Start the data collection. 13| Save the data in columns of ellipticity (y) versus temperature (x). m CRITICAL STEP Make sure the data are saved on the hard drive or other permanent medium, because data will be lost if the machine is turned off or the power fails before the data are saved. ' PAUSE POINT The data collection can be ended here. If the machine has not been automatically set to return to the initial temperature, make sure to cool the machine before removing the samples to prevent burns and to allow removal of cell stoppers, which tend to stick at elevated temperatures because of the difference in the expansion of the Teflon stoppers and quartz cell. If the stoppers stick in the cuvettes, plunging them upside down in an ice bath will usually loosen them Data analysis TIMING 8 h 14| Import the data into a Graphics program with columns of ellipticity versus temperature, and plot the curves.
15|
If data has been collected as a function of both heating and cooling, plot the data sets on the same graph and see whether they overlay one another. ? TROUBLESHOOTING 16| If the data show only one folding transition, initially fit the data using curves describing the unfolding of a monomer using equations 7-10 described earlier. Set the initial values for the ellipticity of the folded and unfolded proteins by examining the graphs. Estimate the T M from the midpoint between the starting and ending ellipticity values. Initially set the estimated enthalpy to between -20,000 and -50,000 cal mol -1 and the value of DCp to 0. If there are multiple transitions the data can be initially fitted by the sum of two or more transitions. The number of transitions and their midpoints can be estimated by taking the first derivative of the folding curve. The maxima will be at the midpoints of the folding transitions.
17| Run the curve fitting routine, and plot the fitted curve to the raw data. If the agreement is good you are finished. If the fits are good around the midpoint of the transition but deviate at the ends, include linear corrections for pre-and post-transitions (see the sample fitting curves in Supplementary Equations). ? TROUBLESHOOTING 18| If the same protein gives different calculated values for the T M that increase as a function of concentration, try fitting the data by equations that assume that the protein is forming dimers or trimers and evaluate the T M at K ¼ 1 (see Supplementary  Equations) . If the correct oligomerization state is assumed, the calculated T M at K ¼ 1 should be independent of protein concentration. ? TROUBLESHOOTING 19| If the protein or protein complex is a dimer or trimer, one can fit the data globally to determine the T M at K ¼ 1, and DH and DCp of folding by performing Option A or Option B. To follow Option A, convert the data to mean residue ellipticity 8 , and fit the data to folding equations using three variables, wherein the independent variables are temperature and protein concentration and the dependent variable is mean residue ellipticity (e.g., column 1, temperature; column 2, protein concentration; column 3, mean residue ellipticity). Equations for performing global fits are in Supplementary Equations. To follow Option B, fit the curves collected at each concentration individually using the equations for unfolding of a monomer with corrections for any pre-or post-transition linear changes in ellipticity. Use the parameters determined for the ellipticities of the fully folded and unfolded proteins and any linear changes as a function of temperature to convert the data to a scale of 1 to 0, where 1 is the fully folded protein and 0 is the fully unfolded protein. Then fit the data globally, where the independent variables are temperature and protein concentration and the dependent variable is the fraction folded.
Collecting spectra as a function of temperature TIMING 6-24 h 20| Program the CD instrument to collect spectra as a function of temperature if the machine has a macro writing program using the following parameters. If the machine does not run macros, set the same parameters to collect the spectra, but you will have to change the temperature manually.
21| Set the number of sample compartments used (5).
22| Set the equilibration time at each temperature (2-5 min).
23| Set starting temperature (0 1C).
24| Set the temperature interval (5 deg) and number of repeat increments, or set each temperature increment manually to take points more closely spaced where the ellipticity changes rapidly as a function of temperature (determined from .
25| Set the wavelength range for data collection and the number of repeats 8 . 29| Import the data into a graphics program or spreadsheet. For use with the CCA the first column should be the wavelengths, and the following columns should have the ellipticity values collected at each temperature. Save the file in a comma-delineated format with a name that is no longer than eight characters with an extension of no more than three (e.g., 'data.dat' for analyzing the data using the CCA algorithm. Make a different set for each protein sample.
30|
To combine data sets collected using different protein concentrations, convert the data to mean residue ellipticity 8 .
31|
Analyze the data using the CCA or SVD to determine the number of basis sets need to reconstruct the data. Detailed instructions for use of the CCA program are in Supplementary Tutorial. If only two basis sets are needed to reconstruct the entire set the protein does not have a folding intermediate that is detectable by CD. ? TROUBLESHOOTING ? TROUBLESHOOTING Troubleshooting advice can be found in Table 1 . Step Problem Solution 2
The CD spectra have very low ellipticity Check the protein concentration 8 3
The signal-to-noise ratio is very low Try opening the slit width to 2 nm, because the exact wavelength is not critical. Try increasing the time of data collection. Signal-tonoise ratio increases as the square root of the signal averaging time
12
The samples precipitate when heated Try using a different buffer or include stabilizing agents such as low concentrations of glycerol
15
The samples refold to give the same spectra as the starting material, but the unfolding and refolding curves are displaced from each other
The samples are not at thermal equilibrium during the measurements. Try increasing the equilibration time
17
The curve of ellipticity as a function of temperature appears to have a typical sigmoidal shape, but none of the folding equations fit the data and the error of the fit is large Make sure that the initial parameters are close to the actual values of the data and that the correct units are used for the initial estimates of the ellipticity of the folded and unfolded protein (e.g., millidegrees or mean residue ellipticity). Make sure the initial estimate of the T M of folding is close to the midpoint of the transition. If this does not work, try increasing or decreasing the initial estimates of the enthalpy of folding
18
The calculated T M values for different concentrations of protein are not close to each other, even when the data are modeled to fit the dissociation of dimers or trimers
Determine the oligomerization state of the protein using independent methods such as gel filtration or ultracentrifugation, and use the van't Hoff equation to determine the thermodynamic parameters
27
The macro does not work properly Check the user's manual to make sure you have programmed the machine properly. Usually machines will have sample macros. Try to program a single temperature step with using only one or two samples 31 When the spectra are deconvoluted using the CCA some basis curves only contribute to a spectrum obtained at a single temperature If a spectrum is noisy and has outlying points, the CCA will identify the spectrum as a unique basis set. Try removing the spectrum from the data set When the spectra are analyzed using the CCA, some of the curves have very similar shapes but are displaced from each other
The CD spectra of the cells may change as a function of temperature, leading to shifts in the baseline. Obtain spectra of the cuvettes filled with water as a function of temperature, and correct the individual data set for the contribution of the cells When the data are deconvoluted using SVD, although it is clear that there are more than two states, only one principal component is resolved If the spectra of the folded and unfolded proteins have maxima (nodes) that are mutually identical, SVD of the solution may be ''singular'' and only one spectrum will be deconvoluted.
ANTICIPATED RESULTS
Melts at a single wavelength Analysis of CD spectra of proteins as a function of temperature should allow determination of the thermodynamics of folding and estimation of the binding constants of interacting proteins. Determination of the enthalpy of folding/unfolding using direct fitting or van't Hoff plots should give results within experimental error of one another, and the T M values of folding determined from the direct fits and from the first derivative of the melts should be similar.
Figures 2 and 3 illustrate the use of CD to examine the interaction of model proteins containing the C-and N-terminal domains (CTD and NTD, respectively) of tropomyosin, an actin-binding protein, with a fragment of the tropomyosin-binding domain of troponin (TnT 70-170 ), a protein that regulates contraction of striated muscles in response to calcium [39] [40] [41] [42] [43] . The NTD and CTD model proteins form a binary complex, which binds the troponin T fragment to form a ternary complex. The troponin fragment contains a mutation, I27N, found to cause cardiac myopathy. Figure 2a and b show the spectra of the model proteins and protein complexes in millidegrees and in mean residue ellipticity, respectively. All are highly helical and have large ellipticities at 222 nm, which can be used to follow unfolding. Figure 3 shows how changes in the ellipticity of the model peptides and peptide complexes as a function of temperature can be used to derive the thermodynamic parameters of unfolding and the dissociation constants of protein-protein complexes. The CTD model peptide is a two-chain coiled coil in which the peptide chains are linked by a disulfide cross-bridge. It unfolds as a monomer. NTD is a two-chain coiled coil that unfolds as a dimer. The protein fragment TnT(I79N) 70-170 is a monomer. Also shown are a 1:1 complex of the NTD and CTD model proteins, which unfolds as a heterotrimer, and a 1:1:1 complex of the NTD, CTD and TnT model proteins, which unfolds as a tetramer. Figure 3a shows the change in ellipticity of the five samples as a function of temperature. When the NTD and CTD model proteins are mixed there is an increase in ellipticity and stability as compared with the addition of the individual unfolding curves, showing that they form a complex. When TnT(I79N) 70-170 is added there is an even greater increase in total ellipticity and large increase in T M as compared with the unmixed components. The data in Figure 3a for the CTD, NTD, TnT(I79N) 70-170 fragments and the NTD-CTD and NTD-CTD-TnT(I79N) 70-170 complexes are fitted by equations for the unfolding of a monomer, dimer, monomer, heterotrimer and generic curve, respectively. Figure 3b shows the van't Hoff plots of the data in Figure 3a . Both methods give almost identical estimates of the enthalpy of unfolding ( Table 2 ). Figure 3c shows the first derivative of the data in Figure 3a . The T M values determined from the maxima are also close to those determined by direct fitting of the data. The data in Figure 3 was used to determine the dissociation constants of the CTD-NTD and CTD-NTD-TNT(I79N) 70-170 complexes, which are 2.7 Â 10 -6 and 1.7 Â 10 -11 M at 25 1C, respectively. Spectra collected as a function of wavelength Analysis of spectra collected as a function of temperature show the use of the CCA to deconvolute the spectra to obtain the minimum number of basis spectra needed to fit the data. Figure 4a and d illustrate the spectra of the CTD model used here and the same model protein with the mutation Q263L (ref. 40) (the numbering is that of intact tropomyosin) determined as a function of temperature, respectively. The CD spectra suggest that the wild-type CTD model protein at 10 1C is 60-70% helical, in agreement with nuclear magnetic resonance studies, which show that it is 73% helical (63% of the helices are in a canonical coiled coil and the rest are in linear a-helices) and the rest is disordered 41 . Replacing Q263 at the coiled coil interface of the CTD with a leucine increases the helical content to B90% (almost all coiled coil) and also increases the stability of the molecule 40 .
Analysis of the change in the spectrum of the wild-type CTD model protein shows that it unfolds in a two-state transition. When the set of spectra in Figure 4a are deconvoluted into basis spectra using the CCA into three spectra (Fig. 4b) , two of the basis spectra are almost identical, showing that only two conformations are needed to fit the all of the data in Figure 4a . The percentage of each of the basis curves contributing to the spectra are shown in Figure 4c , where the fraction of each of the two curves corresponding to the unfolded structure are added. The change in the spectrum of the curve corresponding to the folded form unfolds with a T M of 25 1C (within experimental error of the T M of unfolding when the ellipticity change at 222 nm is followed as a function of temperature).
When the set of spectra from the CTD molecule containing the Q263L mutation are deconvoluted, in contrast, at least three curves are needed to fit the data. The helical peptide unfolds to give a spectrum similar to that of the wild-type CTD, but then it begins to aggregate to give a spectrum with some b-sheet characteristics.
Two files are provided as supplementary materials. Supplementary Equations has routines in SigmaPlot formats for fitting a variety of unfolding/folding curves for proteins with various numbers of subunits (e.g., monomers, dimers, trimers) to estimate the enthalpy, T M of and heat capacity changes of folding. Supplementary Tutorial has instructions for using DOS versions of the CCA for deconvoluting sets of CD spectra. A copy of the CCA that works in a command window in Windows 95, 98 and XP is also supplied. 
